Abstract-The spectral properties of grating-assisted directional couplers are studied using an improved coupled mode formulation. Key parameters for the design of these structures, such as the grating period, the coupling length, and other structural parameters, are calculated. The frequency response, the filter bandwidth, and the tuning range are analyzed. The technique is used to examine a specific case of InGaAsP-InP tunable filter, and the results are compared to a prior experiment.
INTRODUCTION
ECENTLY there has been an extensive research ef-R fort [ 11- [4] to fabricate broad-band tunable semiconductor laser, with the objective of covering the entire gain-bandwidth, preferably with single longitudinal-mode operation. Such a device would play a major role in spectroscopy, wavelength-division multiplexed systems, as well as in coherent heterodyne-detection systems.
Most of the proposed structures share the feature of being composed of at least two sections, one of which is an active section, responsible for light amplification, while the other serves as a wavelength selective filter whose center wavelength determines the actual lasing wavelength. The common mechanism utilized for that purpose employs the wavelength selectivity of backward coupling which is provided by an etched grating, namely, a distributed Bragg reflector (DBR). A related, recently demonstrated device [5] - [6] makes use of grating-assisted wavelength-selective coupling between two fonvardpropagating channel modes of a directional coupler made of two parallel waveguides. In that case, the waveguides are nonsynchronized, i.e., each one supports an optical mode with a different phase velocity. Therefore, these two modes can only couple energy with the assistance of the grating which provides the necessary phase matching. In this paper, we present a study of the spectral properties of the grating-assisted codirectional coupler, and we compare them to those of the contradirectional type. In particular, we shall give expressions for the fractional bandwidth and the tunability of such devices. We shall examine how these properties are influenced by the structures' parameters. Design formulas for the exact determination of the center wavelength of operation and the full-coupling IEEE Log Number 9244625.
interaction length, as well as other device parameters are given. Finally, the formulation given here is used to examine experimental results obtained by Alfemess er al.
ANALYSIS
The structure analyzed is depicted in Fig. 1 . It consists of two dissimilar parallel optical waveguides (a) and (b), which can exchange energy due to the existence of a periodic grating located at one of their boundaries. The grating is described by an index perturbation
f ( x , y) is a window function which describes the spatial location of the grating, while d is the grating "amplitude" given by d = (n; -n;)/lr where ni,, is related to the layers on both sides of the grating. A is the grating period, and it is chosen to match the propagation constants ya and Yb of the optical modes in each of the waveguides:
ya and Y), are corrected forms of the the propagation constants of the isolated waveguides, which take the modal interaction into account, namely, where we have substituted ( p , q ) = ( a , b). E, and E, are the transverse and longitudinal components of the optical field, respectively. and E are the lateral (x, y ) dependency of the dielectric constants of the isolated waveguide ( p ) and the whole structure, respectively, and w is the angular field frequency. The parameter c in (3) is defined by the overlap integral of the two waveguide modes: The coupled mode equations for this structure are
where A(z) and B(z) are the slowly varying amplitudes of the optical mode propagating in each of the isolated waveguides ( a ) and ( b ) , respectively. The coupling coefficients kab and k, , are given by
and (9) An extensive study of the coupled-mode equation (7) was carried out in [7] . Here, we would like to address the issue of how the coupling efficiency and other structural parameters such as the interaction length and the grating period are changed as a function of the optical wavelength. If the boundary conditions are such that energy is coupled into waveguide ( a ) at z = 0, then the fraction of power coupled to waveguide (6) at a distance z = L is given by [7] (10) where { is a normalized detuning factor defined by
The expression for coupling efficiency, given by (lo), is almost accurate for most practical cases. The conditions for the validity of this approximation are detailed in 171.
The maximum efficiency is obtained at a distance 1 for which the sin argument equals 7r/2, and is therefore given The efficiency curve as a function of the wavelength around the phase-matching point ({ = 0) was calculated for a specific case with a device length z = I , , , and is shown in Fig. 4 . It is seen that the device functions as an optical filter, owing its frequency selectivity to the strong dependency of the parameter { on the frequency of operation. For that case, assuming c,bc),, = 0 , the bandwidth of the filter can be calculated using the value of {for which the efficiency drops to half its maximum value, = +0.799. This value is substituted into (6) and (1 l ) , where we use Ay = y, -yb kdneffb -n e d with neff,,b aPproximated near the phase matching wavelength Xo by where neffc,,b = y,,b/ko, ko being the vacuum propagation constant. Using the outlined derivation, the fractional filter bandwidth is found to be An expression for the tunability of the filter can be obtained in a similar manner. If we assume that due to some externally applied mechanism, such as carrier injection or electrooptical effect, the magnitude and the slope of the dispersion curve of each of the waveguides is changed by the amounts Aneff and A(d/dX)neE, that is,
then the fractional shift of the center wavelength of the filter curve is given by Ah, -Alne, -neff,l(~o)
Repeating the same calculation for the case of a singlewaveguide DBR structure results in a similar expression for the fractional center wavelength shift, except that ne, of the only waveguide of such a device appears instead of [6] .) the effective refractive index difference of the two coupled waveguides in the present case. This difference in the denominator of the first term on the right side of (16) is the reason for the much higher tuning range of the codirectional coupler compared to the contradirectional one. This change manifests itself by the grating period A which appears in the numerator on the right side of (17), so that as a rule of thumb, one can say that the fractional tunability is improved by a factor equal to the ratio of the grating periods of the two cases. It should be noted that by having a much longer grating period, the fractional bandwidth might increase as well, but this feature can be retained by increasing the interaction length, which appears in the denominator of the expression. To achieve that, we can simply decrease the coupling coefficient by either increasing the waveguide's separation or reducing the grating depth.
APPLICATION EXAMPLE We applied the above formalism to the case of a grating-assisted directional coupler made of InGaAsP-InP, which was fabricated and presented by Alfemess et al. [6] . In that case, a variable period grating was etched between two slab waveguides made of vertically stacked InGaAsP-InP layers. A schematic drawing of the device is shown in Fig. 2 . Using a simple modal analysis in order to match the propagation constants of the isolated waveguides, for a filter with a center wavelength of Xo = 1.5 pm, results in a grating period of A = 14.5 pm. However, it was found in the experiment that in the actual device, there was a shift of the center wavelength towards a higher value, and a center wavelength of Xo = 1.5 1 pm was observed for a grating period of A = 14.4 pm. The device length was 1 mm and the grating thickness was 0.06 pm.
We have used (2) and (12) in order to calculate the grating period and the full coupling length as a function of the desired wavelength of the filter transfer curve. The material dispersion for this calculation as well as in the rest of the paper was taken into consideration by using a two-oscillator model for the calculation of the refractive indexes of the structure 3 . An almost-linear dependency of the grating period on the center wavelength and an inverse proportionality of the full interaction length is clearly observed. It was found, using the present formulation, that in order to obtain a center wavelength of ho = 1.5 pm, a grating period of A = 13.9 pm should be used, while an increase of the grating period would lead to a higher value of the center frequency; a grating period of A = 14.16 pm would lead to a center wavelength of ho = 1.51 pm, and a grating period of A = 14.4 pm, which is the one used in the discussed experiment, should result in a center wavelength of ho = 1.519 pm. The calculated full coupling length of the device is in the range of 2.8-3 mm. This fact can explain why the maximum efficiency in the experimental device, whose length was only 1 mm, is on the order of 6 5 % , and its bandwidth is about three times the calculated value. These results are in excellent agreement with the compared experiment. The coupling efficiency for the three mentioned grating periods was calculated using (lo), and the results are shown in Fig. 4 . As expected, the bandwidth shown by these curves is much narrower and fits the value calculated (14) for a full coupling length. One way to increase the coupling efficiency of the tested device could be to reduce the full coupling length to the practical value of 1 mm. This can be done by increasing the coupling coefficient through either etching a deeper grating or reducing the distance between the waveguides. A calculation of the full coupling length as a function of the grating depth and with a waveguide separation of 2s used as a parameter is shown in Fig. 5 , from which device parameters for optimum performance can be obtained.
CONCLUSIONS We have presented a formulation for analyzing and designing grating-assisted directional coupler filters. The formalism enables us to obtain desired filter characteristics, such as center wavelength, bandwidth, and tunability. An application example was examined and found to be in agreement with experimental results.
